The incidence of both cancer and Alzheimer\'s disease (AD) increases with age, but more and more studies have shown an inverse relationship of the two diseases; older persons with cancer have a reduced risk of AD and vice versa. For example, a recent nationwide population-based study of 6,960 patients with AD in Taiwan showed that patients with AD had a reduced risk of developing overall cancer \[standardized incidence ratios (SIRs) = 0.88, 95% confidence interval (CI) = 0.80--0.97\][@b1]. Another case control analysis in a recent epidemiological study, based on the famed Framingham heart study consisting of 1,278 participants, concluded that patients with probable AD had a 61% decreased risk of incident cancer while cancer survivors (including GBM) had a 33% decreased risk of developing AD[@b2]. Similar findings of a significantly lower rate of hospitalization for cancer among AD patients \[hazard ratio (HR) = 0.31, 95%CI = 0.12--0.86, p = 0.0237\] and for a diagnosis of AD among white cancer patients \[HR = 0.57, 95%CI = 0.36--0.90, p = 0.0155\] have also been reported in two prospective studies by Roe and colleagues[@b3][@b4]. There was a recent cohort study within a population-based sample of adults aged 60 years and older in Northern Italy. They found that persons with incident AD (n = 2,832) were less likely to develop cancer in the future, and persons with incident cancer (n = 21,451) were less likely to develop AD later. Specifically, when compared to the general population of persons of the same age and sex, the risk of cancer in patients with AD dementia was decreased by 43%, while the risk of AD dementia in patients with cancer was reduced by 35%[@b5]. Furthermore, studies have shown that patients with Parkinson\'s disease, another neurodegenerative disease, also have reduced risk of cancer incidence[@b6][@b7]. Although these epidemiological studies indicate that cancer survivors may gain some protection from neurodegeneration, an in-depth understanding of the biological mechanism associated with this inverse relationship will help researchers gain more knowledge in understanding both of these complicated diseases.

Reports have shown that many molecular mechanisms are shared between the maintenance of neural function in neurodegenerative diseases and cell proliferation in oncogenic pathways[@b8][@b9]. Microarray correlation analyses revealed up-regulation of many tumor suppressors in AD with functions in phosphorylation, apoptosis, cell cycle, and other categories related with cancer (e.g., TGF-β, CDK2AP1)[@b10]. In addition, several molecules, like Pin1[@b11][@b12] and GSK3[@b13][@b14], have been found to be inversely proportional in expression between AD and GBM. Pin1 is necessary for cell division; its inhibition causes regression of tumors[@b15], whereas in mouse models of AD its up-regulation in postnatal neurons reverses neurodegeneration[@b16]. GSK3, an up-regulated AD-related gene that exhibits tumor suppressor activity in the Wnt pathway[@b17], also plays a role in the hyperphosphorylation of tau in AD models[@b18]. Taken together, these data suggest that there is a notable difference in the intrinsic genomic nature between these two diseases; thus, systemically studying the whole transcriptome may shed insight on their pathophysiological differences.

We performed a comprehensive bioinformatics analysis on clinical microarray datasets of GBM cohorts and AD cohorts in comparison to age-matched normal subjects in order to identify inversely regulated transcriptional processes and signaling pathways between GBM and AD. Furthermore, we elaborated in detail the specific roles of two significant signaling pathways in gliomagenesis and GBM tumor growth in an AD environment. One pathway the ERK/MAPK pathway is up-regulated in GBM, the other the Angiopoietin Signaling pathway is reciprocally up-regulated in AD. Since the Aβ peptide is naturally produced in brain and has been studied as an important biomolecule connecting AD and cancer[@b19][@b20][@b21], we evaluated the effects of natural Aβ on GBM tumor cell migration, invasion, and GBM growth in APPswe transgenic mice. Our results showed that suppression of GBM growth in an AD background was mediated by the ERK-AKT-p21-cell cycle pathway and anti-angiogenesis pathway.

Results
=======

Biological processes and cellular signaling pathways associated with AD and GBM inversion
-----------------------------------------------------------------------------------------

Through analyses of the clinical microarray datasets of AD and GBM cohorts, a total of 2,103 differential genes (827 up-regulated and 1,061 down-regulated) for AD patients and 1,384 differential genes (704 up-regulated and 634 down-regulated) for GBM patients were found to be significant (P \< 0.01). Cytoscape pathway analyses of these genes determined the general biological processes that correlate with both diseases ([Fig. 1](#f1){ref-type="fig"}). Gene sets involved in four biological processes were up-regulated in GBM and down-regulated in AD ([Fig. 1](#f1){ref-type="fig"}): mitotic cell cycle, DNA metabolic process, RNA metabolic process, and protein localization. Gene sets involved in the immune system process IKB Kinase/NFKB cascade and regulation of phosphorylation were up-regulated in GBM and showed no significant changes in AD. Cell-cell signaling and central nervous system development gene sets showed down-regulation in both AD and GBM. Some other processes were either down-regulated in AD (vesicle transport, protein catabolic and cellular respiration) or in GBM (ion transport and G-protein coupled receptor protein signaling), but showed no significant changes in the other disease.

In the aforementioned example, Pin1 is prevalently up-regulated in human cancers, and opposite regulation of this gene contributes to hallmark symptoms in neurodegeneration. To analyze and find such genes systematically, our research focuses on the set of genes that are inversely regulated between AD and GBM. Cross-comparison of significantly reversely expressed genes, genes up-regulated in GBM and down-regulated in AD (GBM+/AD−) and genes up-regulated in AD and down-regulated in GBM (AD+/GBM−), were further explored. We identified 184 genes in GBM+ & AD− and 69 genes in GBM− & AD+ ([Supplementary Table S1, S2](#s1){ref-type="supplementary-material"}). Ingenuity Pathway Analysis (IPA) software was used to analyze cellular signaling pathways for each group of genes. For GBM+ & AD− genes, significant pathways found include: *cAMP signaling*, *IL-3 signaling*, *14-3-3 mediated signaling, axonal guidance signaling, IGF-1 signaling, ERK/MAPK signaling*, and *inhibition of angiogenesis by TSP1* ([Table 1](#t1){ref-type="table"}). For GBM−&AD+ genes, significant pathways include: *interleukin signaling, PDGF signaling, PPAR signaling, TNFR1 signaling, angiopoietin signaling*, and *NF-κB signaling* ([Table 1](#t1){ref-type="table"}).

Aβ mediates the ERK/MAPK pathway differentiation in AD versus GBM
-----------------------------------------------------------------

From the clinical microarray data analysis, we observed that ERK/MAPK signaling genes exhibited inverse expression between AD and GBM patients (up-regulated in GBM and down-regulated in AD). Specifically, in the GBM U133A and Agilent datasets, the Erk1 gene shows 1.77- (P = 1.69E-11) and 1.78- (P = 8.90E-19) fold increase, and the Erk2 gene shows 2.37- (P = 6.79E-08) and 1.52- (P = 7.29E-09) fold increase, in comparison with the normal controls in the two datasets, respectively; in the AD GSE5281 and GSE15222 datasets, Erk1 gene shows 1.28- (P = 6.29E-04) and 1.22-(P = 1.18E-02) fold decrease, and Erk2 gene shows 2.26- (P = 1.99E-10) and 1.52- (P = 3.36E-09) fold decrease, in comparison with the normal controls. Although elevated Erk1/2 as a critical signaling pathway in GBM is well-appreciated[@b22], what molecular determinants trigger the ERK/MAPK pathway differentiation in AD versus GBM has rare been explored.

Aβ peptide is naturally produced in brain, and accumulates extensively in brains of AD patients[@b23]. Studies also hinted Aβ as an important biomolecule connecting AD and cancer. For example, inflammation responses to Aβ mediated by glial cells in the brain[@b24], can be tumor-suppressive[@b20][@b21]. Aβ leads to abnormal Ca^2+^ signaling[@b25], which can inhibit tumor growth and progression[@b26]. We thus investigated how Aβ would trigger the inverse activation of ERK1/2 signaling in AD and GBM conditions. To mimic the AD condition *in vitro*, as in our previous studies, we took advantage of conditioning media (CM) from Aβ precursor protein (APP)-expressing cells[@b27], which contains natural forms of Aβ monomers and oligomers[@b28]. Because astrocytes are the most abundant cell of the human brain, we first applied the Aβ-CM to normal human astrocytes and found that the ERK1 and 2 protein expression decreased significantly in comparison to the cells cultured in the non Aβ-CM ([Fig. 2A, B](#f2){ref-type="fig"}).

In clinical samples, the total ERK1 and 2 protein expression showed decrease in the prefrontal neocortices of AD patients that correlates with the high level of Aβ[@b29]. Secondly, we detected a strong inhibition on the highly expressed total ERK1/2 in GBM cell lines by the Aβ-CM ([Fig. 2A, B](#f2){ref-type="fig"}). Moreover, we examined the effect of CM on the activation of ERK1/2 in GBM cell lines. In basal conditions, ERK1/2 phosphorylation in U87 and GL261 cells decreased 30--40% after 30 min-treatment with Aβ-CM ([Fig. 2C, D](#f2){ref-type="fig"}). Treatment of U87VIII cells (a U87 cell line overexpressing the epidermal growth factor (EGF) receptor) with EGF, an activator of ERK1/2 signaling pathway, produced a 2-fold increase of ERK1/2 phosphorylation. Aβ-CM almost completely abolished EGF-induced activation of ERK1/2 ([Fig. 2E, F](#f2){ref-type="fig"}). These results suggest that the elevated Aβ may lead to the decreased ERK1/2 signaling in AD. While in GBM, the ERK1/2 signaling is intrinsically activated, and the signaling activity could be suppressed in an AD environment.

High level Aβ suppresses gliomagenesis and GBM tumor growth through negatively regulate ERK1/2 signaling
--------------------------------------------------------------------------------------------------------

To further explore how Aβ-CM or an AD environment would affect the tumorigenesis or GBM tumor development, we collected two lines of evidence. First, abolished ERK1/2 phosphorylation by a combined Mek1/2 knockout (the only known MEK1/2 targets are ERK1 and ERK2) in development or adulthood mice led to a diminished oncogenic RAS-induced hyperplasia[@b30], which is the driving force for many human GBMs[@b31]. Since both the basal and growth factor stimulated-ERK1/2 phosphorylation could be suppressed significantly by the Aβ-CM, we postulate that such suppression might lead to the extinction of gliomagenesis in the AD background.

Second, GBM tumor development was retarded in the AD environment. In specific, two GBM cell lines were studied *in vitro*. The proliferation of GL261 cells was inhibited early from 24 h Aβ-CM culturing (P \< 0.01) ([Fig. 3A](#f3){ref-type="fig"}), and U87 cells exhibited decreased proliferation until 72 h Aβ-CM culturing (P \< 0.05). For the three-dimensional proliferation determined by the anchorage-independent growth in soft agar, tumor cells cultured in Aβ-CM exhibited 60--70% reduced colony formation in GL261 and U87 cell lines ([Fig. 3B, C](#f3){ref-type="fig"}). Aβ-CM also reduced the cell migration by both the wound healing migration assay and Boyden chamber assay ([Fig. 3D, E](#f3){ref-type="fig"}). In the invasion assay, U87 cells exposed to the Aβ-CM exhibited at least 32% (P \< 0.01) and 25.3% (P \< 0.01) fewer penetrating cells in comparison to other control groups at 48 h and 72 h respectively. Similar results were found for GL261 ([Fig. 3F](#f3){ref-type="fig"}).

In addition to Aβ, APP over-expressing cells also secrete high levels of soluble APP, the majority of which is APPsα, which is derived from α-secretase cleavage of APP, with very low levels of APPsβ (derived from β-secretase cleavage of APP). We thus utilized the conditioned media containing a high level of APPsα but only endogenous levels of Aβ (undetectable by our ELISA) from a stable HEK293 cell line overexpressing soluble APPsα. In previous work on multiple tumor cell lines and under different culturing periods, we did not observe any inhibitory effects on tumor cell proliferation[@b27]. Moreover, we identified that the inhibitory effect on tumor cell proliferation correlates with Aβ concentrations in the Aβ-CM^27^. These previous results ruled out the involvement of APPsα in inhibiting GBM tumor cell proliferation in the current same setting. We thus assert that Aβ inhibited the GBM tumor cell proliferation, migration and invasion.

Our *in vitro* findings were further corroborated by a subsequent *in vivo* study, in which we explored GBM growth in APPswe transgenic mice. GL261 murine GBM cells were intracranially injected into 12-month old APPswe transgenic mice and aged-matched littermate control normal mice. The Aβ level in the 12-month old APPswe mice brains is high[@b32] and the plaque deposition is visible by microscope ([Fig S1A](#s1){ref-type="supplementary-material"}). The results indicated that average GBM tumor volume and growth had been significantly suppressed in the APPswe group in comparison to the normal control group (P \< 0.05, student\'s t test) ([Fig. 4A, B](#f4){ref-type="fig"}). Furthermore, histological studies revealed decreased Ki67-positive proliferative tumor cells in the brain tumors of APPswe mice ([Fig. 4D, E](#f4){ref-type="fig"}). APPswe transgenic mice also showed more confined tumor boundaries than those in the control group, which indicates less migration and invasion of tumor cells ([Fig. 4C](#f4){ref-type="fig"}). Apoptosis, examined by TUNEL staining, was undetected in all mice (data not shown). APPswe transgenic mice have been reported with astrocytosis and gliosis in brains, which may affect the injected GL261 cells. However, previous studies in injecting Aβ directly into the GBM tumors of young mice without astrocytosis also reported similar findings of reduced tumor volume. Thus, we conclude that Aβ played a major role in inhibiting the GBM tumor growth.

In addition to the *in vitro* data that Aβ-CM decreased the expression and activation of ERK1/2 in GBM cell lines ([Fig. 2](#f2){ref-type="fig"}), we also observed lower p-ERK1/2 immunostaining in the tumor regions of the APPswe transgenic mice in contrast to the normal control mice ([Fig. 5A, B](#f5){ref-type="fig"}). Especially in the tumor margin area, the invasive tumor cells forming metastatic satellites show strong p-ERK1/2 expression in the normal control mice, while the high expression of p-ERK1/2 was significantly suppressed in the APPswe transgenic mice. These results suggest that a high level of Aβ suppresses GBM growth through negatively regulating the ERK1/2 activation.

ERK-AKT crosstalk and p21-cell cycle mechanism dominates the Aβ-mediated GBM suppression
----------------------------------------------------------------------------------------

The ERK/MAPK pathway is known to have crosstalk with the PI3K/AKT pathway[@b33], and specifically from our AD and GBM clinical microarray data analysis, the Akt1 gene was examined to be consistently down-regulated in both GBM datasets (1.8- and 1.24-fold decrease in the U133A and Agilent data, respectively) and up-regulated in both AD datasets (1.1- and 1.26-fold increase in the GSE5281 and GSE15222 datasets, respectively).

We further explored how the Aβ-CM would affect AKT and the downstream signals behind ERK1/2-AKT crosstalk in suppressing GBM. Although less noticeable than p-ERK, GBM cells exposed to the Aβ-CM also had reduced expression of p-AKT compared to the cells exposed to the non-Aβ-CM ([Fig. 5C, D](#f5){ref-type="fig"}). Proteins located downstream of the ERK/MAPK and PI3K/AKT pathways were tested, and the results showed increased expression of p21, cyclin E, and p53, and reduced expression of Myc, p-MDM2, and p-p53 in GBM cells treated with Aβ-CM, but no changes of caspase-3 were detected by the Aβ-CM treatment ([Fig. 5E, F](#f5){ref-type="fig"}). Together with the data from cell cycle analyses ([Fig. 5G](#f5){ref-type="fig"}), the results suggest that negative regulation on cell cycle (G1 arrest) rather than cell survival or apoptosis by Aβ was the dominant mechanism behind the ERK1/2-AKT crosstalk in suppressing GBM ([Fig. 6](#f6){ref-type="fig"}).

Distinction of angiogenesis signaling in GBM and AD
---------------------------------------------------

In addition to the up-regulated ERK1/2 signaling in GBM, we found another important signaling mechanism that is reciprocally up-regulated in AD and down-regulated in GBM *angiopoietin signaling* ([Table 1](#t1){ref-type="table"}). Specifically, in the AD GSE5281 and GSE15222 datasets, the ANGPT1 gene shows 1.68- (P = 3.04E-08) and 1.59- (P = 4.08E-011) fold increase, and the ANGPNT2 gene shows 1.76- (P = 2.76E-14) and 1.51- (P = 5.12E-09) fold increase, in comparison with the normal controls. Angiopoietins are proteins binding with an endothelial cell-specific tyrosine-protein kinase receptor to stimulate sprouting angiogenesis. In AD brains, large populations of endothelial cells are activated by angiopoietins due to brain hypoxia and inflammation, and secrete the precursor substrate as well as the neurotoxic Aβ peptide to kill neurons[@b34]. Although GBM is highly angiogenic[@b35], we observed the deactivation of *angiopoietin signaling and activation of inhibition of angiogenesis by TSP1 signaling* ([Table 1](#t1){ref-type="table"}). Specifically, in the GBM U133A and Agilent datasets, Angpt1 and Angpt2 genes show 2.23- and 5.86- (P = 0.004 and 1.95E-10), and 1.38- and 4.74- (P = 0.023 and 3.56E-31) fold decrease while Tsp1 gene shows 1.85- (P = 0.005) and 1.72- (P = 1.51E-05) fold increase, in comparison with the normal controls in the two datasets, respectively. These results suggest that distinctive angiogenic signaling mechanisms might be involved in GBM and AD although hyper-angiogenesis is a common pathophysiological character for both diseases.

Clinically, the angiogenesis inhibitor bevacizumab has been shown to increase progression-free survival in GBM patients majorly through inhibiting the vascular endothelial growth factor (VEGF)-dependent vessels formation[@b35], which confirmed our finding that angiopoietin-mediated angiogenesis may not be a major mechanism in GBM. Nevertheless, in our animal study, we found a decreased level of CD34-positive microvessels in the GBM tumor area in the APPswe mice compared with the non-tumor area ([Fig. 4F, G](#f4){ref-type="fig"}). A previous study also showed that intra-tumoral injection of Aβ potently inhibits the angiogenesis of human GBM and thus inhibits the growth of the tumor[@b19]. Although how Aβ would impact angiogenesic signaling is not clear; taken together, the facts indicate that our bioinformatics analysis was able to identify the detailed distinction of angiogenesis signaling in GBM and AD.

Discussion
==========

The inverse trend of brain cancer patients rarely developing AD and AD patients rarely developing brain cancer presents an enticing entry point in the study of these two diseases. Many links have been found between cancer and aging[@b36]. For example, genetic mutations in the DNA damage repair pathway lead to fast-aging and tumorigenesis. Impaired autophagy associates with tumor formation and age-related neuronal degeneration. Also, extrinsic factors[@b37] and protein translational factors[@b38] could affect the inverse trend exhibited between AD and GBM. The present study, however, focused on a different angle in studying patterns in the respective transcriptome that could link the inverse relation of AD and GBM. Overall, our bioinformatics results reveal widespread changes in transcriptional regulation of multiple cellular pathways in AD and GBM. Importantly, our study is the first to elucidate GBM mechanisms using AD as a reference in a multidisciplinary disease systems approach using a combination of *in vitro*, *in vivo*, and computational methods.

Our analysis on the clinical microarray datasets revealed biological processes that inversely correlate with the two diseases. Not surprisingly, we found some biological processes are up-regulated in GBM and down-regulated in AD, such as in mitotic cell cycle, DNA replication, metabolism and repair, and RNA metabolism and processing into proteins. This coincides with alternative cell cycle hypotheses in explaining the causes of many degenerative diseases, AD included[@b39]. This explanation is based on the post-mitotic nature of neurons, which normally do not proliferate. Anomalies in cell cycle regulators and checkpoint proteins spur neurons resting in G0 phase back into cell-cycle-initiating G1 and S phases. While DNA is replicated, the inability to complete cell mitotic division and aneuploidistic chromosome numbers lead to neuronal cell death and degeneration[@b40][@b41]. GBM and all other cancers are also characterized by anomalies in cell cycle regulators and DNA damage-related factors[@b42][@b43], albeit a different nature from trends seen in neurodegenerative diseases. In juxtaposition, this presents an interesting cell cycle connection between cancer and AD; cancer is characterized by the uncontrolled over-proliferation of cell division, whereas AD exhibits forced re-entry and inability to divide in the cell cycle.

In comparison to the general biological process, cellular signaling pathways were identified underlying the significantly inversely expressed genes between AD and GBM. We identified the transcriptional responses of ERK/MAPK signaling are significantly up-regulated in GBM and down-regulated in AD, and reversely, PI3K/Akt signaling are up-regulated in AD and down-regulated in GBM. Crosstalk between them has been implicated in the regulation of both G1/S cell cycle progression and G2/M transition[@b44]. Akt can negatively regulate the Raf/MEK/ERK pathway through specifically phosphorylating Raf[@b45], which may switch the biological response from growth arrest to proliferation in cancer cells[@b46]. Thus, in the scenario of GBM, the decreased Akt and increased ERK1/2 expression favor the tumor cell proliferation while in the scenario of AD, the increased Akt and decreased ERK1/2 mediate the down-regulation of cell cycle progress, especially the mitotic cell cycle ([Fig. 1](#f1){ref-type="fig"}). Furthermore, our data showed that Aβ containing medium strongly inhibited the activation of ERK1/2 and moderately inhibited the activity of AKT in the GBM cells, suggesting that the effect of Aβ on endogenous MEK/ERK activation in regulating cell cycle is more potent than on the AKT activation in protecting GBM cells from apoptosis. Our data on examining the apoptosis signals, including caspase 3 and Bcl-2, were not changed, but the G1-S cell cycle regulators, including p21 and cyclin E were remarkably increased by the treatment of Aβ containing medium, provided direct evidence to support this conclusion. In addition, AKT deactivation decreased MDM2 and p53 phosphorylation and increased stable p53, which may trigger its downstream p21 and cyclin E expression. Simultaneously, stable p53 may lead to the increase of PTEN to suppress AKT activation further ([Fig. 6](#f6){ref-type="fig"}).

ERK1/2 can regulate processing of Aβ and phosphorylation of the microtubule-associated protein tau, both events critical to the pathophysiology of AD[@b29][@b47][@b48]. It has been reported that the increased ERK1/2 in cerebrospinal fluid (CSF) may serve as a biomarker for AD[@b49]. In our study, we found the expression of ERK1/2 genes was decreased in the brain tissue samples of AD patients. We reasoned that both the decreased expression of ERK1/2 in brain tissue and increased ERK1/2 in CSF occur at a later disease stage. ERK1/2 acts as a restraint to the processing of APP and production of Aβ42, through negative regulation of β-secretase (BACE1) and γ-secretase, the endo-proteases essential for the production of Aβ peptides[@b29][@b47]. In the late stage disease condition, the overwhelming Aβ production causes the excessive negative feedback to ERK1/2 expression and activity, and the vulnerable neurons or other types of cells in the brain may release the cellular proteins, such as ERK1/2.

Besides the ERK/MAPK pathway, many other significant pathways from our analysis are related to the signature pathophysiology found in AD and GBM, such as the *angiopoietin signaling* and *inhibition of angiogenesis by TSP1 signaling*. Clinical data favors our conclusion that distinctive angiogenic signaling mechanisms might be involved in GBM and AD. Further validation on these pathway signals in driving the exclusive disease patterns between AD and GBM may offer insights into alternative therapeutic strategies. Nevertheless, the current study of an in-depth bioinformatics analysis opens a new vista in discovering insights connecting these two complicated diseases.

Methods
=======

Microarray data and pathway analysis
------------------------------------

Four age-matched clinical microarray datasets were used to explore the inversely expressed genes between the two diseases, 2 for GBM (TCGA) and 2 for AD (GSE 5281, GSE 15222). The 2 GBM microarray datasets contain 555 samples (545 GBM patients, 10 controls) and 536 samples (517 GBM patients, 19 controls), and were analyzed with Affymetrix U133A and Agilent platforms respectively. The 2 AD microarray datasets contain 161 samples (87 AD patients, 74 controls) and 363 samples (176 AD patients, 187 controls), and were analyzed with Affymetrix HG-U133_Plus_2 and Sentrix Human Ref-8 Expression BeadChip platforms respectively. Using 2 independent microarray platforms for each disease alleviates errors caused by data noise from each microarray platform itself and improves confidence of results. Partek and R software packages were used to process the raw data, and student\'s t-test was applied to identify differentially expressed genes (G) for each disease compared with its respective controls. Then, oppositely up-regulated (+) and down-regulated (−) genes for GBM and AD were compared to one another (GBM+&AD− and GBM−&AD+). Gene Set Enrichment Analysis (GSEA), Cytoscape and Ingenuity Pathway Analysis (IPA) software packages were used for analyzing and visualizing gene set enriched biological processes and signaling pathways for the genes in GBM+&AD− and GBM−&AD+ groups.

Cell lines and Aβ-conditioning medium
-------------------------------------

Brain tumor cell lines U87 (human glioblastoma, from ATCC), U87VIII (a U87 cell line overexpressing the epidermal growth factor (EGF) receptor), GL261 (murine glioblastoma), primary normal human astrocytes (NHA, from Cell Systems Corporation), and primary normal mouse astrocytes (NMA) were used. The Chinese hamster ovary (CHO) cell line stably transfected with the V717F Aβ precursor protein (APP) mutation (referred to as 7PA2 cells) was characterized previously[@b28]. 7PA2 cells naturally secrete Aβ, so 7PA2 and CHO cells were grown to near confluence and allowed to condition DMEM for \~16 h. The 7PA2 conditioned medium (CM) used in this study had a total Aβ concentration of \~2.6 ng/ml, of which \~15% is known to be Aβ42[@b28]. Conditioned medium was cleared of cells (200 g for 10 min, 4°C) before utilization. All cells were grown in DMEM (InVitrogen) medium supplemented with 10% fetal bovine serum (Sigma), 2 mmol/L L-glutamine (InVitrogen), and 100 units/ml penicillin/streptomycin (InVitrogen), in a humidified atmosphere at 37°C in 5% CO~2~.

Cell proliferation assay
------------------------

Cells were plated at a density of 1 × 10^4^ cells per well in 96-well plates. Following serum starvation overnight, the cells were cultured in the conditioned medium. The number of viable cells was followed for 3 days after cell seeding by adding CellTiter-Glo® Luminescent Cell Viability reagent (Promega). Images were taken using IVIS imaging System (Xenogen), and luminescence data was analyzed using Living Image Software (Xenogen).

Wound healing assay
-------------------

Cells were plated in triplicate sets of 24-well plates and grown to confluence. After serum starvation overnight, cells were scraped using a sterile tip to create a "wound". The scraped off cells were washed out and remaining cells were cultured in fresh conditioned medium. Photographs were taken at the time of "wound" creation and at 24, 48, and 72 h after its induction using X81 Inverted Microscope (Olympus).

Invasion and migration assays
-----------------------------

Cell invasion and migration assays were performed as described[@b50] in 24-well BD Chambers (Becton Dickinson, Bedford, MA). The number of cells invading or migrating on the underside of the membrane was determined by using Olympus IX81 automated microscope system and Slidebook software (Olympus) to take montage images of the whole membranes. The number of total cells throughout the whole membrane was counted with Simple PCI software (Olympus).

Anchorage-independent cell proliferation
----------------------------------------

Culture medium (0.5 ml) containing 0.4% agarose, cells (10,000/well) and 10% FBS were overlaid onto the bottom layer containing 0.6% agarose in the same culture medium (0.5 ml) in 24-well plates. The plates were cultured in the conditioned medium for 2 weeks. At endpoint, colonies larger than 100 μm in diameter were counted.

Western blot analysis
---------------------

Cell lysates were collected after treatment with conditioned medium for 30 min. Immunoblots were performed as described[@b50]. Antibodies used included p-ERK 1/2 (Sigma), ERK1/2(Santa Cruz Biotechnology), p-AKT S473 (Cell Signaling), and pan AKT (Cell Signaling), Ki67 (Cell Signaling Technology) and CD34 (Santa Cruz Biotechnology).

Imaging flow cytometry cell cycle analysis
------------------------------------------

Cells were harvested, washed, and then gently resuspended for DAPI and anti-tubulin staining. The cell cycle distribution based on DNA content and tubulin was analyzed on the ImageStreamX high content screening system (Amnis) and analysis of the data using the IDEAS application.

In Vivo animal experiments
--------------------------

APPswe transgenic mice B6;SJL-Tg(APPSWE)2576Kha (Taconic, Hudson, NY) and litter-match control group mice were used to study tumor growth in an AD model in accordance with approvals and the guidelines of Institutional Animal Care and Use Committee (IACUC) of Brigham and Women\'s Hospital at Harvard Medical School. 12-month old female mice were intracranially injected with GL261 cells, as described before[@b51]. Tumor growth was monitored once per week by gadolinium-enhanced MRI with a 4.7-T small-animal scanner (Bruker Biospec, Ettlingen, Germany). The scanner is equipped with a volume-based transmitter and receiver coil with an inner diameter of 4 cm. T2-weighted images (TR/TE~eff~ = 2000 ms/72 ms) were obtained at 1 mm slice thickness with 80 μm × 130 μm in-plane resolution. Magnevist^Tm^ Gd-DTPA was injected *i.p.* at 0.7 mmol/kg, and T1-weighted images (TR/TE~eff~ = 417 ms/24.5 ms) were acquired after a 12 min delay to allow for optimal contrast enhancement. Regions of Interest (ROIs) were drawn manually on the T1-weighted images with reference to tumor size and location from T2-weighted images. After the third MRI imaging, mice were sacrificed and brains were harvested for immunochemistry staining. Images were obtained using Olympus BX61 automated microscopy system. Five fields of 5 sections/mouse brain were captured using a 20× microscope objective. Ki67-positive and total cells in each field were counted with Simple PCI software (Olympus). For evaluating ERK immuno-staining, H scores were calculated by multiplying the fraction of positively stained tumor (percentage) by staining intensity (0, 1+, 2+ or 3+)[@b52].

Statistical analysis
--------------------

Microarray data were processed as described[@b53]. All other experiments were analyzed by one-way ANOVA followed by Fisher\'s post-hoc test using statistical software (SPSS, version 10.0). A p-value of less than 0.05 is considered to be statistically significant. Data were presented as a mean with standard deviation (SD).
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![Biological processes associated with AD and GBM inversion.\
Differentially expressed genes identified from each AD or GBM microarray dataset compared to the normal subjects control were performed gene set enrichment analysis (GSEA) for biological processes. Enrichment Map software was used to visualize the biological processes association between AD and GBM. Each node represents a gene ontology (GO) term, and all of the nodes pose GSEA p-value \< 0.01 and FDR q-value \< 0.25. The color tone in the face of the node represents the regulation in AD datasets: red means the genes are up-regulated while blue means the genes are down-regulated; meanwhile the color tone in the boundary of the node represents the regulation in GBM datasets. The actual color corresponds to the GSEA enrichment p-value: darker red or blue means this GO term is more enriched with differentially expressed genes, while white means the corresponding GO term is not enriched; e.g. the node Mitosis has a blue face color and dark red boundary color indicating high enrichment of down-regulated genes in the AD datasets and up-regulated genes in the GBM datasets. The edges indicate that the connected two nodes share at least 30% of genes, and the thicker edge represents a larger ratio of shared genes. The green edges represent the shared genes based on the annotation of AD datasets and the blue edges represent the shared genes based on the annotation of GBM datasets; e.g. DNA Metabolic process and DNA Replication share more than 30% genes in both the GBM and AD datasets.](srep03467-f1){#f1}

![Effects of the Aβ-containing conditioned medium on basal and activated ERK expression in astrocytes and brain tumor cells.\
(A--B). Normal human (NHA) and mouse (NMA) primary astrocytes, and human GBM (U87) and mouse GBM (GL261) cells were exposed to Aβ-containing conditioned medium (7PA2-CM) for 72 hours, and total ERK expression was detected by Western blot. (C--D). U87 and GL261 cells exposed to 7PA2-CM for 30 minutes were detected for phosphorylated ERK1/2 (pERK1/2). (E--F). U87VIII cells exposed to EGF and 7PA2-CM for 1 hour were detected for pERK1/2. \*P \< 0.05 vs. CHO-CM. The quantification data were obtained from three independent experiments under the same condition. In all panels, western blots images shown are cropped to show the protein of interest, and all blots were performed under the same experimental conditions.](srep03467-f2){#f2}

![Aβ-containing conditioned medium on tumor cell proliferation, migration and invasion.\
(A). Proliferation of GL261 and U87 cells grown in 7PA2-CM and control medium. (B--C). Anchorage-independent growth of GL261 and U87 cells grown in 7PA2-CM and control medium. (D--E). Migration abilities of GL261 and U87 cells grown in 7PA2-CM and control medium. (F). Invasion abilities of GL261 and U87 cells grown in 7PA2-CM and control medium. \*P \< 0.05, \*\*P \< 0.01 vs. CHO-CM. The quantification data were obtained from three independent experiments under the same condition.](srep03467-f3){#f3}

![GBM growth in AD transgenic mice.\
GL261 murine GBM cells were intracranially injected into 12-month old APPswe transgenic and litter-match wild-type mice. (A). Representative brain MRI images for 3 slices of each brain of the AD and control mice. Arrows indicate the tumor. (B). Tumor volume from week 2 was calculated from the MRI whole brain slices and data was presented as mean with SD. (C). Representative H&E images of tumor boundary in AD and control mice. Arrows indicate the tumor boundary regions. (D). Representative images of Ki67-positive proliferative cells in the brain tumors of AD and control mice (100×). (E). Ki67-positive cells (brown staining) were counted in 5 fields of 5 sections/mouse brain under 20× objective, and data was presented as % of Ki67-positive cells to the total cells. (F). Representative images of CD34-positive microvessels (brown staining) in the non-tumor area and tumor area of AD mice (200×). (G). CD34-positive microvessels were counted in 5 fields of 5 sections/mouse brain under 20× objective, and data was presented as mean with SD. \*P \< 0.05 vs. wild-type control. n = 4 for APPswe transgenic mice and n = 5 for litter-match wild-type mice.](srep03467-f4){#f4}

![ERK1/2 and AKT signaling connecting AD and GBM.\
(A). Representative images of p-ERK1/2 immuno-staining in the brain tumor margin area of AD and wild-type control mice (100×). (B). Quantification of the H scores for p-ERK1/2 immuno-reactivity. \*P \< 0.05 vs. wild-type control. n = 4 for APPswe transgenic mice and n = 5 for litter-match wild-type mice. (C--D). U87 and GL261 cells exposed to 7PA2-CM for 30 minutes were detected for pAKT expression. (E--F). Signaling proteins downstream to ERK1/2 and AKT in the U87 cells exposed to 7PA2-CM for 24 and 48 hours. (G). Cell cycle distribution of U87 cells exposed to 7PA2-CM for 24 hours. The *in vitro* quantification data were obtained from three independent experiments under the same condition. \*P \< 0.05 vs. CHO-CM. In all panels, western blots images shown are cropped to show the protein of interest, and all blots were performed under the same experimental conditions.](srep03467-f5){#f5}

![Diagram of Aβ affecting the ERK1/2 and AKT signaling crosstalk in GBM.\
AKT and ERK are de-phosphorylated in GBM after Aβ treatment. AKT deactivation decreases MDM2 and p53 phosphorylation and increases stable p53, which trigger its downstream p21 and cyclin E expression. Simultaneously, p53 may increase PTEN to suppress AKT activation further. Red labels indicate the effects of Aβ on GBM.](srep03467-f6){#f6}

###### IPA analysis of significant genes and pathways up-regulated in GBM+&AD− and GBM−&AD+ gene sets

  GBM+&AD−                                             
  ------------------------------------ ---------- ----------
  cAMP-mediated signaling               4.07E-05   5.16E-02
  IL-3 Signaling                        1.86E-04   8.22E-02
  14-3-3-mediated Signaling             3.80E-04   6.09E-02
  Axonal Guidance Signaling             7.08E-04   3.08E-02
  Rac Signaling                         1.38E-03   5.13E-02
  Protein Kinase A Signaling            2.82E-03   3.27E-02
  Inositol Phosphate Metabolism         4.90E-03   4.44E-02
  IGF-1 Signaling                       5.75E-03   4.90E-02
  ERK/MAPK Signaling                    6.17E-03   3.54E-02
  Inhibition of Angiogenesis by TSP1    6.76E-03   9.09E-02
  Glutamate Metabolism                  7.94E-03   8.57E-02
  Chemokine Signaling                   8.91E-03   5.80E-02

  GBM−&AD+                                        
  ------------------------------- ---------- ----------
  Apoptosis Signaling              4.79E-04   4.35E-02
  IL-6 Signaling                   6.17E-04   4.08E-02
  IL-15 Signaling                  2.14E-03   4.55E-02
  PDGF Signaling                   3.16E-03   4.11E-02
  PPAR Signaling                   6.31E-03   2.97E-02
  Natural Killer Cell Signaling    8.71E-03   2.88E-02
  TNFR1 Signaling                  1.62E-02   3.92E-02
  Angiopoietin Signaling           2.95E-02   2.82E-02
  NF-κB Signaling                  3.02E-02   1.76E-02
  T Helper Cell Differentiation    3.16E-02   2.90E-02
  IL-10 Signaling                  3.24E-02   2.78E-02
  Chemokine Signaling              3.31E-02   2.90E-02
  IL-8 Signaling                   3.39E-02   1.69E-02

![](srep03467-t1)
